Background: Few studies have evaluated the relation between selenium supplementation after diagnosis and prostate cancer outcomes.
article
The Nutritional Prevention of Cancer (NPC) Study, a randomized trial examining the effect of 200 μg/d of selenium in 0.5-g high-selenium yeast on incidence of nonmelanoma skin cancer, reported that men randomized to selenium had a lower risk of prostate cancer compared with the placebo group (1) . The effects were most pronounced among men with low baseline selenium. Among men in the lowest tertile of baseline selenium (≤106.4 ng/mL), men randomized to selenium supplementation had an 86% lower risk of prostate cancer (hazard ratio [HR] = 0.14, 95% CI = 0.03 to 0.61, 17 events). In contrast, selenium supplementation was positively, but not statistically significantly, associated with risk of prostate cancer among men in the highest tertile of baseline selenium (HR = 1.14, 95% CI = 0.51 to 2.59, 24 events) (2) . The randomized, controlled Selenium and Vitamin E Cancer Prevention Trial (SELECT) (3,4) reported no effect of selenium supplementation (200 μg/d from L-selenomethionine) on prostate cancer incidence (HR = 1.09, 95% CI = 0.93 to 1.27, n = 575 events) (4) . However, SELECT participants had adequate levels of selenium at baseline (median serum selenium levels of 135 ng/mL vs 113 ng/mL in NPC), and a large proportion of the detected cancers may have been indolent cases (99% of case patients in the selenium arm were localized T1/T2 cancers, 89% were Gleason score ≤3+4, and 71% were biopsied based on elevated PSA only, with a similar pattern observed across all groups) (3) . Recently, SELECT investigators reported that selenium supplementation increased risk of high-grade prostate cancer among those with high-baseline toenail selenium (HR = 1.91, 95% CI = 1.20 to 3.05) and did not increase risk among those with lower baseline levels (5) .
The lack of demonstrated benefit for supplemental selenium has dampened enthusiasm for using supplements for the primary prevention of prostate cancer, but the effect of selenium supplements taken after diagnosis on prostate cancer progression is unknown. Additionally, there may be a U-shaped dose response curve, where very high selenium levels may have adverse effects (6, 7) . Thus, we prospectively examined postdiagnostic selenium supplementation in relation to risk of prostate cancer mortality, biochemical recurrence, and overall mortality among men initially diagnosed with nonmetastatic disease. In a population that we expected to be selenium sufficient, we examined the possibility that high-dose selenium supplement use after diagnosis would be associated with higher prostate cancer mortality.
Methods

Study Population
The Health Professionals Follow-Up Study is a prospective cohort study of 51 529 US male health professionals who enrolled in 1986 by completing a mailed questionnaire. Participants were age 40 to 75 years at enrollment and provided extensive data at baseline, including medical history, medication, height, weight, and lifestyle factors (smoking, physical activity, supplement use, etc.) and completed a validated semiquantitative food-frequency questionnaire (FFQ) (8) . Participants complete biennial follow-up questionnaires to update information on new medical diagnoses and lifestyle (response rate 96%); diet information is updated every four years. This study was approved by the institutional review board of the Harvard School of Public Health. Participants gave informed consent to participate by returning the baseline questionnaire.
Assessment of Selenium Supplementation
Participants completed detailed information on the use and dosage of supplements (including multivitamins and individual vitamins and minerals) every two years beginning in 1986. Current use and dosage in predefined categories were assessed for vitamins A, C, and E, calcium, selenium, iron, and zinc. The selenium supplement categories were: less than 80 μg, 80-130 μg, 140-250 μg, 260 or more μg, and "don't know". Additional supplements were assessed for current use only (yes/no). The baseline questionnaire also inquired about past use for individual supplements (yes/no) if the participant was not a current user.
Frequency of multivitamin use was assessed at baseline and every two years thereafter; the usual brand and type of multivitamin used was assessed on the FFQ every four years. Brand information was used to calculate selenium intake from multivitamins in years when the FFQ was administered; the most common multivitamin brand and dosage was used to calculate selenium supplementation from multivitamins in years when FFQ data was not available (ie, 1988, 1992, 1996, 2000, 2004, 2008) . Total selenium supplement intake was calculated as the sum from multivitamins and selenium supplements. If information on the frequency of multivitamin use or selenium dosage was missing, we used the frequency/dosage from the previous questionnaire cycle, if available; otherwise the mode was used (eg, 6-9 multivitamins/week [once/day]). The results remained unchanged, excluding participants in cycles where they were missing selenium or multivitamin dosage. The following categories of total selenium supplement dosage were used: nonuser, 1-24 μg/day, 25-139 μg/day, and 140 or more μg/day, based on the distribution of selenium intake in the population. We also calculated total duration of use to assess whether the association between selenium supplement use and prostate cancer morality differed by duration.
Ascertainment of Prostate Cancer Diagnosis, Recurrence, and Death
After participants report a prostate cancer diagnosis, we obtain medical records to confirm the diagnosis and record clinical T-stage, Gleason score, treatments, prostate-specific antigen (PSA) values at diagnosis, PSA levels after treatment (to identify events of biochemical recurrence), and metastasis. Participants also complete biennial follow-up questionnaires to update data on treatments, PSA levels, and clinical progression.
Our primary outcome was prostate cancer mortality. We evaluated biochemical recurrence, overall mortality, and cardiovascular mortality as secondary outcomes. Cardiovascular mortality was evaluated after examining overall mortality, to determine if this outcome explained the non-statistically significant inverse association observed for overall mortality. Biochemical recurrence was defined from medical records and physician and patient questionnaires using standard definitions: for radical prostatectomy (9,10), PSA greater than 0.2 ng/ mL after surgery for at least two consecutive measures; for radiation (11) , an increase of 2 or more ng/mL over the nadir PSA; for brachytherapy (12) , hormones, or other treatments, an increase of 1 or more ng/mL over the nadir PSA for at least two consecutive measures. For watchful waiting, progression was defined as a postdiagnosis PSA increase of 1 or more ng/mL for at least two consecutive measures. Patient-reported data comprised 40% of all recorded increases in PSA values. Date of biochemical recurrence was the date of first PSA increase. Men who reported metastasis or died of prostate cancer for whom we could not article ascertain a biochemical recurrence were assigned a date of biochemical recurrence as the earliest date for any of these events because a PSA rise nearly always precedes a clinical diagnosis of prostate cancer metastases. Deaths were identified from family reports and National Death Index searches; we ascertained more than 98% of deaths (13). Causes of death were centrally adjudicated by study physicians who reviewed medical records and death certificates without knowledge of participants' selenium supplement use.
Population for Analysis
The population for analyses of mortality endpoints included men who were free of cancer (except nonmelanoma skin cancer) at baseline, diagnosed with localized prostate cancer (cT3a or lower) during follow-up from 1986 to 2010 who had information on selenium supplement use before and after diagnosis (n = 4459). For the biochemical recurrence analysis, we additionally excluded 741 participants without data on recurrence or progression, leaving 3718 eligible participants.
Statistical Analysis
We used Cox proportional hazards regression to examine postdiagnostic selenium supplement use and risk of prostate cancer, cardiovascular disease, overall mortality, and biochemical recurrence. For the mortality analyses, person-time was contributed from diagnosis to death or end of follow-up (January 31, 2010), whichever occurred first. For the biochemical recurrence analysis, person-time was contributed from diagnosis until the earliest of the following events: biochemical recurrence, metastasis, death, or end of follow-up. Cross-product terms of selenium dosage by a function of time were added to the models to check the proportionality assumption; no violation was found.
Supplement use data was collected every two years and was updated in our models for every two-year period, maintaining a two-to four-year lag to reduce the potential impact of advanced disease on selenium supplement use. For example, for a man diagnosed in 1993, his 1990 supplement use was applied to person-time from diagnosis to 1994, 1992 supplement use was applied to person-time from 1994 to 1996, and so on. This approach allowed us to capture recent supplement use in relation to risk of the outcomes of interest, while minimizing the potential for reverse causation. We defined prediagnostic supplement use as the exposure reported on the questionnaire preceding the first "postdiagnosis" questionnaire (eg, 1988 for the man described above).
Our basic model included age at diagnosis (years). Multivariable models were additionally adjusted for clinical T-stage (T1, T2, T3), Gleason score (<7, 7, ≥8), primary treatment (radical prostatectomy, radiation therapy, hormonal therapy, watchful waiting, other), body mass index (<25, 25 to <30, ≥30 kg/ m 2 ), vigorous physical activity (<1, 1 to <3, ≥3 hours/week), smoking (never, quit ≥10 years, quit <10 years, current with <40 pack-years, current with ≥40 pack-years), vitamin E, vitamin C, calcium, and zinc supplement use in dosage categories, multivitamin use (yes-<6/week, yes-≥6/week, no), and selenium supplement use before diagnosis (same categories as main analysis). We included prediagnosis selenium supplement use because we were interested in the association between supplement use after diagnosis and mortality, independent of prediagnostic use. We used months since diagnosis as the time scale and stratified by calendar time in two-year intervals.
We considered models adjusted for PSA at diagnosis, diabetes, race, height, family history of prostate cancer, energy, intake of unprocessed and processed red meat, eggs, fish, tomato sauce, coffee, whole milk, low-fat dairy, and vegetable fat, selenium bioavailability based on soil content (low, medium, or high, based on state of residence) (14) , and total number of nutritional supplements used. The addition of these variables did not affect the main estimates and were excluded from the multivariable models. For overall and cardiovascular disease mortality, additional adjustment for the covariables described above (except for diabetes) did not affect the main estimates and were excluded from the multivariable models. We included the following or a subset (see Table 2 footnotes) in the models for cardiovascular and overall mortality: parental history of myocardial infarction before age 60 years, hypertension, diabetes, elevated cholesterol, and comorbid conditions (myocardial infarction, coronary artery bypass, coronary angioplasty, stroke, emphysema/chronic obstructive pulmonary disease, and Parkinson's disease). Linear trends across categories were evaluated using the median of each category as a continuous variable. All P values were two-sided, with a P value below .05 considered statistically significant. Analyses were performed using SAS version 9.3 (SAS Institute, Inc., Cary, NC).
Results
Among 4459 men with nonmetastatic prostate cancer at diagnosis, we documented 965 deaths, 226 (23.4%) because of prostate cancer and 267 (27.7%) because of cardiovascular disease, during a median follow-up of 8.9 years. For analyses of biochemical recurrence, we observed 762 events among 3718 men followed for a median of 7.8 years. Age-standardized characteristics after diagnosis are presented in Table 1 . At diagnosis, the highestdosage (≥140 μg/d) selenium supplement users did more vigorous physical activity, smoked less, used other supplements, and were more likely to have clinical T1 stage cancers; usage did not vary by biopsy Gleason score.
Prostate Cancer-Specific Mortality
Crude rates of prostate cancer death were 5.6 per 1000 personyears among selenium nonusers and 10.5 per 1000 person-years among men who consumed the most selenium (≥140 μg/day). Compared with nonusers, selenium supplement users had an increased risk of prostate cancer mortality (Table 2 ). In multivariable analyses, men who consumed 1-24 μg/day, 25-139 μg/ day, and 140 or more μg/day of supplemental selenium after diagnosis had a 1.18 (95% confidence interval [CI] = 0.73 to 1.91), 1.33 (95% CI = 0.77 to 2.30), and 2.60-fold (95% CI = 1.44 to 4.70) greater risk of prostate cancer mortality compared with nonusers, respectively, P trend = .001. There was some attenuation of the main estimates after adjustment for clinical factors; the addition of lifestyle factors and prediagnosis supplement use strengthened the association. The hazard ratios for selenium did not differ statistically significantly by duration of selenium use (P interaction > .05 for continuous selenium dosage X duration in years).
Biochemical Recurrence
We observed no statistically significant association between selenium supplementation after diagnosis and risk of biochemical recurrence (≥140 μg/d vs nonuse: HR = 1.14, 95% CI = 0.78 article to 1.66, P trend = .47; crude rates of recurrence [per 1000 personyears] were 28.4 and 29.3 for nonuse vs highest-dose categories) ( Table 2 ).
Overall and Cardiovascular Disease Mortality
Crude rates for all-cause mortality (per 1000 person-years), comparing nonusers and the highest dosage selenium users (≥140 μg/ day), were 28.2 and 23.5, respectively. There was a modest, not statistically significant, inverse association between selenium supplementation and risk of overall mortality (≥140 μg/d vs nonuse: HR = 0.88, 95% CI = 0.63 to 1.22), although we observed no linear association (P trend = .76). The suggestion of an inverse association was unexpected, considering the strong positive association between selenium supplement use and prostate cancer mortality (23% of all deaths); therefore, we evaluated the association between selenium supplement use and cardiovascular disease mortality, the largest cause of death in this cohort (28% of all deaths). Compared with nonusers, the highest dosage selenium supplement users after prostate cancer diagnosis had 
Discussion
We observed an elevated risk of prostate cancer mortality among men who consumed high doses of selenium from supplements after diagnosis. While we cannot rule out that residual confounding may account for a portion of the association observed, the magnitude of effect was large, and we were able to consider confounding by many dietary and lifestyle factors. Few studies have evaluated the relation between selenium supplementation after diagnosis and prostate cancer outcomes. In the Watchful Waiting Study, a randomized trial of selenized yeast (200 or 800 μg) and prostate cancer progression in men who received no curative treatment (15) , men in the highest quartile of baseline plasma selenium and randomized to high-dose selenium had a statistically significantly increased PSA velocity compared with men on placebo (suggesting that their disease was progressing) (16) . The current study is the first study to examine the relation of selenium supplements taken after diagnosis with risk of prostate cancer mortality. Several observational studies and randomized controlled trials have examined the relation between selenium supplement use in healthy men and risk of prostate cancer. We previously reported an inverse relation between toenail selenium levels measured in 1987 among healthy men and incidentadvanced prostate cancer (17) , and this finding is supported by other studies (18) and a recent meta-analysis (19) . As noted, the SELECT trial observed no association for incident prostate cancer (3), but an increased risk for high-grade prostate cancer among those with high baseline levels. The National Institutes of Health-AARP Diet and Health Study reported that selenium supplementation prior to diagnosis may increase risk of prostate cancer mortality, although dosage was not examined (20) . These data underscore the potentially complex and variable role that lifestyle factors may play in the long etiologic time course of some cancers, in particular that risk factors for incidence may be very different than those for mortality. For example, smoking is not associated with risk of incident prostate cancer, but is positively associated with disease progression and prostate-specific mortality (21) (22) (23) . Associations between a given exposure and incident prostate cancer presumably reflect biologic effects of the exposure in the prostate gland, whereas associations with metastatic/fatal disease may reflect effects of the exposure in the prostate (if the tumor is still present) and/or effects on other organs or systems that influence the likelihood of metastatic disease developing and spreading. Additional studies with long-term follow-up of lifestyle factors before and after cancer diagnosis are warranted.
Although many in vitro and animal experiments support the anticarcinogenic role of selenium through apoptosis (24) (25) (26) (27) , inhibiting cellular proliferation (28) (29) (30) (31) (32) , antiangiogenesis (33, 34) and antioxidant pathways (35) , other research in dogs (one of the only other species that naturally develops prostate cancer) suggests that more selenium may not be better. Waters et al. proposed a U-shaped dose response between selenium status (toenail selenium concentration) and prostatic DNA damage (6) and apoptosis (7) . Foci of intense apoptosis were seen four times more often in dogs fed moderate levels of selenium compared with dogs in the low selenium group (P = .04), but apoptosis intensity did not differ statistically significantly between dogs with high vs low selenium status (P = .75) (7) . A U-shaped relation between selenium supplementation and cancer may exist whereby persons with low selenium status benefit from supplementation because of increased expression of selenoenzymes, thereby increasing antioxidant protection; persons with somewhat higher levels have maximum antioxidant protection but may benefit from supplementation because of upregulation of apoptosis; and persons with high excess levels are not expected to benefit from supplementation and may be vulnerable to adverse effects. Of note, differential growth and apoptotic effects of selenium were reported on androgen-sensitive LNCaP vs androgen-independent PC-3 prostate cancer cells (36) , therefore future studies should consider whether the dose-response curve differs by stage of disease (ie, carcinoma in situ, localized cancer, cancer recurrence, metastasis).
Our study is not without limitations. These results may not be generalizable to all populations. Selenium status differs widely across the world because of soil content and selenium supplementation behavior; on average, men in the United States consume 134 μg/day (37) , which exceeds the 55 μg/day recommended dietary allowance. In Europe and other regions where daily selenium intake is lower (40 μg/day in Europe) (37) , individuals may benefit from supplemental selenium. However, because selenium supplementation has increased over time in the United States (7.4% of men in our study population were using selenium supplements at diagnosis between 1986 and 1993, compared with 23.6% of men at diagnosis between 2000 and 2006), additional studies evaluating high-dose selenium intake are needed to confirm our results and inform clinical and public health guidelines for prostate cancer survivors.
This study focused on selenium supplementation because of the inability to accurately assess selenium intake from dietary sources via questionnaire because of the large variation in soil selenium content (38) . We attempted to control for dietary selenium intake by adjusting for geographic location updated every two years as a proxy for soil selenium content. This did not affect the results; however, we could not account for food grown and transported to different parts of the country. Dietary selenium could be a modifying factor (ie, the effect of supplements may vary by high or low dietary intakes), which we could not evaluate. In addition, we had too few events in the highest-dosage category to thoroughly evaluate whether the effect of high-dose supplements varied by subgroups or whether the effect of high-dose supplements taken after diagnosis varied by level of prediagnosis supplement use (eg, there were no prostate cancer deaths in the 4% of men who consumed ≥140 μg/d of selenium before and after diagnosis). We also relied on self-reported supplement use, which will have some nondifferential measurement error; in addition, there will be some nondifferential measurement error from dietary selenium intake. Study strengths include the prospective and repeated assessment of selenium, multivitamin, and other supplement use every two years, long follow-up, and large number of events.
In conclusion, high-dose selenium supplement use may increase risk of prostate cancer mortality. Caution is warranted regarding usage of such supplements among men with prostate cancer.
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